ABSTRACT Rheo-kinetic behaviour of an epoxy resin, coupled with an aliphatic polyamines hardener, used in fibre reinforced plastics, was analysed comparing experimental data to theoretical models. Then the modelling of technological filament winding process for thermoset matrix composites, developed through a numerical code realized with MATLAB, is reported. The model includes winding and curing phase decoupling the manufacturing process into sub-models. Four sub-models are used: fibre motion, thermal, kinetic and rheological model. Considerable differences are obtained in process condition, using several thermal treatments. The numerical modelling helps to detect the process conditions to optimise the filament winding process.
INTRODUCTION
The new engineering applications require materials characterised by high mechanical properties and arranged by good resistance to low weight. Advanced composite materials allow a good compromise between these properties, compared to conventional metallic materials.
The greater advantage in employing such materials is the possibility to realize a structure that satisfies specific requirements. In fact, the fibre orientation in each composite material lamina inside the composite material determines the resistance to specific load conditions, improving the performances of structure and increasing the production lifetime.
But high product cost does not permit an extensive applicability in the global market. So, cheaper material and production processes are required.
The filament winding, can realize larger structures, using lower cost facilities, tools and materials than other processes like pultrusion or resin transfer moulding (RTM) [1] . This process is suitable in economic way to make high volume of products with higher level of automation and well designed part [2] . The use of fibres anisotropic properties is maximized by means of the filament winding; but the impregnation procedure, the reinforcement orientation, winding time and the curing process must be accurately defined to obtain optimal performance [3] . A correct experimental knowledge of the constituents allows to increase efficiency and economy in the process parameters [4] .
A kinetic and rheological characterisation of an epoxy thermoset system, used in the filament winding technology, has been carried out. These information permit to solve the problems related to the production process optimisation with a computer simulation. So, all the obtained process parameters have been used to elaborate an algorithm, employing MATLAB program (version 6.0), to simulate and optimise the filament winding process. In this way the complete design of the finished product can be performed. Our program is based on the study of fibres motion, heat conduction and kinetic and rheological phenomena. The simulation has supplied interesting data about the stress distribution; this data act on the single composite layer as a function of the applied winding tension. It has also cleared the effect of the Presented at COMP03 Conference, Corfu-Greece mandrel and cure temperature on the kinetics of the studied system. Moreover an accurate selection of the process parameters has allowed the correct improvement of the production technique.
Finally the purpose of this research is to verify the reliability and the versatility of the filament winding process analysis model to make a range of highly complex composite structures with a proper material selection.
EXPERIMENTAL PROCEDURE
The employed epoxy monomer is a blend of diglycil ether of bisphenol-A (DGEBA) and F (DGEBF) (Araldite LY 3505, supplied by Vantico). A hardener based on aliphatic polyamines is used as curing agent (XB 3405, supplied by Vantico). The hardener and the monomer are mixed with the weight ratio 35:100. A differential scanning calorimeter (DSC TA Instruments, model 2920) is employed to monitor the cure kinetics.
At first, the experiments are performed in temperature ramp mode with scanning temperature of 5°C/ min ranging from room temperature to 240°C. This test is used to define the total heat reaction related to the full conversion of the resin. Further information of the curing kinetics are obtained executing isothermal curing tests at different temperatures for all studied blends.
The curves, obtained with the long time isothermal scanning, are used to determine the degree and the curing rate in a traditional procedure of the reaction heat. [5] [6] The rheological properties of the resins, during curing, are measured by a parallel plate SR5, a stress controlled rheometer supplied by Rheometric Scientific. To have a direct relation with the calorimetric data, dynamic tests at 5°C/min from room temperature to 150°C and isothermal tests at the same curing temperatures, analysed by DSC, are carried out. The experiments are performed with stress of 1000 Pa at 1 Hz frequency.
FILAMENT WINDING MODEL
The filament winding is a complicated process where several physical and chemical phenomena take place at the same time. These phenomena must be understood to obtain a numerical analysis of the process. Usually the numerical simulation of the filament winding process is developed decoupling some of these phenomena and relating the properties of the constituents with these decoupled behaviours. [7] [8] [9] .
The main of the work is to develop a direct relationship between the thermal, chemical and rheological properties and the process manufacturing parameters such as fibre angle and tension, winding speed, heating rate, cure temperature and time. In order to achieve the proposed goal, different sub-models were developed.
Fibre motion sub-model
Initially, during the winding process, the bundles can move within the liquid resin until the resin viscosity reaches high value in order to stop the fibre motion in their position. This model considers the changes in fibre position due to the matrix flow and it neglects the effects due to the expansion of mandrel and composite.
The proposed model considers that the displacement of the fibre layer during a short time interval Dt is [9] :
U is the radial co-ordinate of the i-th layer, L I s is the fibre stress due to the winding force F (the effective force acting on the fibre changes during the process), L m is viscosity of the matrix within the i-th layer, S is the permeability of the fibres, that for a Newtonian fluid can be computed by the Carman-Kozeny equation [10] :
where k'=0.2 is the Kozeny constant in the transverse direction of the fibre bundle, V sa is the available volume fraction at which radial resin flow stops.
The stress in the fibre can be obtained by the following expression [9] :
Chemical kinetic sub-model
To achieve the characterisation of the cure kinetics, the parameters reported in the curing kinetic equations are necessary. The constitutive modelling equations of the curing kinetics of the epoxy thermoset are usually summarised on an autocatalytic model [11] [12] :
where a is the degree of cure, G GW a is the rate of the degree of cure, m and n are the kinetic exponents, k i (T) are the specific reaction rate constants expressed in terms of temperature by an Arrhenius type expression:
where L $ is the frequency or pre-exponential factor, L ( is the activation energy, R is the universal gas constant (8.314 J/molK) and T is the Kelvin temperature. Multiple regression technique was employed for the analysis of the isothermal tests and to obtain the kinetic parameters. Then the kinetic constant values and the orders of reaction were correlated to realize a direct conversion-temperature relationship.
thermoset resin during the curing [13] [14] . The data, obtained by rheometric analysis, in this investigation, are fitted with an empirical chemo-rheological model proposed by Castro and Macosko [15] . With this model the resin viscosity is related with temperature and degree of cure or time at a specific temperature:
where m is the viscosity at t=0, a is the conversion of reaction, J a is the degree of cure at gel, and
. The initial viscosity term, can be expressed by an Arrhenius relationship,
where $ h is a pre-exponential constant and ( h is the activation energy.
As well as for the chemical kinetic model, the rheological constant values are used to obtain a direct relationship with the temperature.
Thermal sub-model
The numerical solution of this sub-model, based on energy balance, provides the temperature distribution [9] :
where G GW a is the conversion rate of the resin used as matrix, H r is the total heat of reaction per unit mass of the resin-resin composite, r c and r r are the density of composite and resin respectively, f r is the weight fraction of the resin, c p is the composite heat capacity and F
. is thermal conductibility of the composite.
The explicit finite difference and fourth order RungeKutta method are used to solve the heat transfer problem of filament winding reaction.
Rheological sub-model
Several theoretical and empirical models are developed to foresee the rheological variations of a
DISCUSSIONS
Typical plots of conversion versus time, at different temperatures, are showed in Fig. 1 . The sigmoidal shape of these plots can be observed, as to other epoxy matrices [16] [17] . Depending on the curing temperature, the curve shapes are very similar, suggesting a limiting conversion degree by which it is possible to extrapolate the final value.
The reaction rate and the final conversion increase with increasing curing temperatures, showing that vitrification is progressively reached at higher conversion when higher reaction temperatures are used. The vitrification occurs when the glass transition temperature, J 7 , reaches the cure temperature, due to increase of the cross-linking density at progressively higher conversion.
The results obtained by DSC analysis are fitted employing the Chen-Macosko model. The value of reaction orders and the kinetics constants are reported in Appendix. The conversion vs time graph could be obtained by integration of equation (1.4); in this way it is possible to know how the cure reaction progresses during the process. In the Fig. 2 the trace of a isothermal DSC test at the reference temperature of 70°C is reported; the experimental data are in agreement with the theoretical prediction, finding a good sensibility of the mathematical model.
In Fig. 3 the viscosity versus time at different temperatures for unfilled resin is reported. The isothermal curve shapes are similar to the other ones obtained by dynamic measurements. At the increase of the temperature two effects are observed: the reduction of the initial viscosity, h 0 , and the curves are shifted on the left, because the reaction is The gelation transformation induces several simultaneous chemical and physical phenomena. At first, the reduction of the initial viscosity, h 0 , is observed as a consequence of temperature variations, then the resin viscosity increases and densification of the cross-linking advances; the curing reaction proceeds until vitrification or the transformation of the rubbery network in a glass solid takes place.
During curing, a correct thermal treatment is necessary to have the optimisation of process conditions. At the beginning, a finest viscosity value is necessary; in this way a good fibre wetting is obtained; after, during the polymerisation the viscosity exponentially increases, and the resin flow decreases. A premature gelation (and then vitrification) can leave a irregular resin distribution in the composite laminates, obtaining imperfections as voids or poor adhesion fibre matrix into the final hand-manufactured article. On the other hand, a slow reaction rate induces more expensive production costs. The results, obtained from rheological analysis, are fitted by Castro-Macosko model. The rheological parameters are reported in Appendix. Fig. 4 shows experimental isothermal test compared with mathematical model at the reference temperature of 70°C. It is interesting to notice that the former is very well approximated by the theoretical model.
The Fig. 5 shows the change of radial position of all layers during the winding phase. A little variation of the layer thickness, due to the matrix flow, is evidenced. This change induces a progressive instantaneous unloading of the fibres, caused by compression of upper layer. The stress decrease is higher in the internal layer than in the external ones, but the difference in the slope of lines is very little (Fig. 6 ). You can reduce this effect using a winding phase with variable and time decreasing tension [18] . In this way a homogenous distribution of fibre stress within the laminate will be obtained.
Three tests with a curing temperature of 50°C, 70°C and 100°C, and a mandrel temperature of 40°C are carried out. The use of a pre-heated mandrel is proposed to control the viscosity; indeed it allows lower initial viscosity value inducing a better impregnation and filament stacking. At the same time it induces a faster curing process [19] .
To have a compromise between the program running time, accuracy of results and stability of numerical scheme an appropriate time-space discretisation is imposed (
. The temperature and conversion changes, during the curing, are reported in Fig. 7 .
Observing the conversion and temperature traces of the tests we can identify three phases. I.
Initially, during the winding phase, the layers are subjected to an instable thermal treatment, due to new fibres deposition at room temperature on the lower layer at higher temperature. This thermal gradient could be deleted by a fibre pre-heating (i.e. with the same mandrel temperature). II.
Then, when the winding phase finishes, a deep increase in temperature is observed, due to the resin crosslinking. The curing process takes place in a short period of time for all layers. III.
At last we see the stabilization zone. This region is necessary to reduce the internal stresses, induced by the curing of the thermoset resin. With The decrease of viscosity after about 700 s, when the curing phase starts, is due to increase of temperature from 40°C (mandrel temperature) to 70°C (curing temperature). The low resin viscosity in the winding phase guarantees good wet ability and excludes a premature gelation. Then the viscosity exponentially increases because resin polymerisation takes place at the same time for all layers.
CONCLUSIONS
The experimental data, obtained by DSC and rheological analysis, were fitted accurately with the Castro-Makosko rheological model and autocatalytic kinetic model. The thermo-kinetic behaviour of the epoxy resin in filament winding process, using a mathematical model based on difference finite method, is studied. Several thermal treatments are simulated and it evidence the process condition variations. The wetting phase is more sensible at temperature changes. At the same time the temperature value of curing phase influences the final conversion and temperature distribution in the composite.
Then a thermal treatment characterised by a winding phase with a pre-heated mandrel at 40°C and a curing phase at 70°C shows better compromise performances-production times than other ones. 
